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A preliminary study of a manually controlled docking maneuver was con- 
ducted w i t h  a s i x  degree of freedom LEM Docking Simulator a t  the MAA 
Columbus Division, Columbus, Ohio. 

Variations were introduced i n  the a t t i t ude  and t ranslat ion control 
systems which involved combinations of proportional (a t t i tude hold mode) 
and minimum impulse fo r  the a t t i tude  control, with d i rec t  (on-off) and mini- 
mum impulse fo r  the t ranslat ion control. 
tude control was not used because successful docking could not be accom- 
plished with t h i s  mode. 

A d i rec t  (on-off) mode for  a t t i -  

' Additional var ia t ions i n  study conditions involved vehicle weight 
( l ight  vehicle of 4,210 pounds and h e a v  vehicle of 5,050 pounds) as well 
a8 RCS minimum impulse durations of 15  me and 30 ms.  

On the basis of docking performance measures and p i l o t  ratings, there 
was s ignif icant ly  superior docking performance for  the a t t i t ude  hold mode 
with a minimum impulse translation.contro1. The gulse duration of 1 5  m s  
Jet f i r i n g  fo r  the minimum Impulse mode resulted i n  s ignif icant ly  better 
performance with regard t o  fie1 and lateral deviation a t  docking. 
fue l  consumption and greater precision a t  contact was also achieved fo r  the  
l igh ter  (4,210 pound) vehicle than f o r  the heavy one. 

Less 

The l igh ter  vehicle i n  conjunction with the  longer minimum Impulse 

P i lo t s  never exceeded the  Velocity performance c r i t e r i a  a t  docking and 

duration, reduced terminal dockine; precision. 

the proportion of f a i lu re s  t o  mesh a l l  other performance c r i t e r i a  were 
relat ively low, -- never exceeding 15$ of the tr ials.  



I INTRODUCTION 

Manual control of the  LEM vehicle i s  l i ke ly  t o  be the  primary mode of 
operation f o r  the  tem’inal portions of t he  docking phase. 
the  astronaut t o  accomplish t h i s  maneuver successflrlly, the  performance 
l imi t s  within which it can be accomplished and the determination of opti.mum 
control techniques and other vehicle conditions which should be provided, 
consti tuted the study purposes f o r  the Docking Simulation IA2 program. 

The a b i l i t y  of 

The present report  is  based upon information derived from a f u l l y  
manual lunar o rb i t  docking maneuver, conducted w i t h  a fixed-base six degree 
of freedom simulator. 
const i tute  the data from which the  major study r e su l t s  are drawn. Compari- 
sons are made of system performance under the conditions chosen for study 
and values of the  docking performance parameters a re  presented as an aid t o  
system design. 

Measure6 of vehicle performance and p i l o t  evaluations 

In  addition, cer ta in  qual i ta t ive observations are discussed f o r  control 
techniques which did not allow successful docking t r ia ls  and a l so  f o r  a 
preliminary study e f f o r t  with a trapeze type of docking technique under which 
a l imited number of  runs were obtained w i t h  one p i l o t .  

This simulation was conducted by GAM: at the  North American Aviation 
f a c i l i t i e s  a t  Columbus, Ohio, during March and April of 1963. 

remn LEJM70-5 
D*TL 3 October 1963 



11. ME!IXOD AND PROCEDURE 

A. DESCRIFTION OF THE SIMULATION 

1. Simulator Equipment - A closed-circuit television system is used to 
present the pilot of the T;FM vehicle with a six-degree of freedom motion 
picture of the Command-Service Module (Figure #B3). 
mission while sitting in a f u l l  scale fixed-base cockpit which is installed 
in the projection room. 
projected onto a screen in front of the cockpit. 

The pilot "flys" his 

He views a continuously changing video picture 

Activation of the cockpit controls sends analog signals to the com- 
puter which, in turn, varies the panel instrument readings, causing a tele- 
vision camera to follow the exact flight path and attitude of the vehicle, 
and a star field generator and projector to follow the attitude commands. 
The TV camera views the Command-Service Module and duplicates the pilot's 
view as seen from the LEM. 
projector and from there to the screen f o r  display to the pilot. 

The picture of the CSM is transmitted to the 

2. Discussion of Equations - The basic assumptions involved in the 
derivation of the equations were as follows: 

The CSM was assumed to be in a circular lunar orb,it. 

The relative distance between the Lk4 and CSM was assumed to be 
small compared with the 'CSM orbital altitude 

Reaction jet f'uel consumption during the docking mission was 
assumed to cause a neg1igibI.e change in LIB4 mass, inertias, and 
C.G. position. 

The exhaust gases were assumed to have no angular. velocity with 
respect to the 'GEM. 

Jet darnping forces were as~wned t o  be negligible, 

The reaction jets were assumed to have no thrust misalignment. 

The relative angular displacement between the LlM and CSM with 
respect to the moon center was assumed to be small. 

The inertial pitch, roll and yaw computations were deleted to 
conserve analog computer equipment, 

A list of the initial conditions for the study are given in Table 
#Bl (Appendix B) and diagram showing the location of the LFM with respect 
to the CSM is. shown i n  Figures #El and #E (Appendix B) . 

3. 
struments : 

Instrument Panel - The panel arrangement Included the following in- 



(a )  Timer 

(b) Range 

(c)  Range rate 

(a) 

(e) Line of Sight Elevation 

( f )  Line of Sight hlmuth 

(g) 

AAI - All Attitude Indicator 

Translation Mode Swithh - 2 Position (not functional) 

(h) 

Controls - A three axis f ingert ip  control ler  was used t o  provide 

Reaction,Control System Mode Select Switch - 3 Position (not 
functional) ,  See Figure & for a picture of the panel. 

4. 
att i tude= and is shown i n  Figure B5, 
meter and a pa i r  of detent switches i n  each axis, 
vided proportional ra te  commands i n  the  a t t i t ude  hold mode. 
awitohes eynchrsraiz 
mode or  c m d e d  Je t  f i r inge i n  minimum impulw on direct  modes, A thruek 
controller wae ueecf t o  previae t ranslat ion j e t  firings along the x I  y and z 

It contained B posit ion potentio- 
The potentiometer pro- 

the a t t i tude  follow-u~? function i n  the a t t i tude  hold 
213e detent 

et3 (see Figure B5). 

- P l l &  opii~ion data based 051 NASA'B Cooptjr Raking 
each of the runs. Twenty channelB of data 

were continuouely recorded from the analog computer on s t r i p  charts,  Final 
VaLues of the angular and t ranslat ional  displacements and velocit ies,  f l i g h t  
time and propellant conamption were recorded by t l igi ta l  printout.  

o f  %he t tude control 
PWemOferS ( ra te  ~ y r o  gain, s t i ck  senei t ivf ty  and .dead zonel eLc, ) tha t  
would aerve as the nominal conditions during the t e s t  rune. Ratings of 
8Y8tem su i t ab i l i t y  were collected u t i l i z ing  the Cooper M t i n g  Scale and 
optlmum control parameters were defined based on these rat ings,  

6. Bor t o  collection 

Among the control combinations'that were t o  be considered i n  the  
or iginal  study plan, a direct '(on-off) a t t i t ude  control mode was planned. 
In addition, one other study condition that was t o  be considered consisted 
of runs t o  be made with a complete RCS Jet quad fa i lure .  

The ser ies  of trial rmng ma.&! w i t h  d i r ec t  (on-off) o r  minimum i m -  
pulse as a t ranslat ion mode coupled w i t h  d i rec t  (on-off) as an attitude control 
mode resulted i n  failure t o  dock successfully on the part of the subjects. 

For the ser iee  of trials w i t h  a complete quad fa i lu re  using every 
type of mode combinetfon there were, again, no eucceasf'ul dockings accom- 
plished. The reaaon f o r  t h i s  wae apparent, 
t h i s  t i m e  could not cope with a quad fa i lure .  

The control logic as set up a t  
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" a  
, 6. *Cont'd. Owing t o  these observations, the  series of  runs t o  be made 

were revised so tha t  a quad fa i lure  o r  t% di rec t  (on-off) condition for  
a t t i tude  control were not used as study variables. 

B, 'PROCEDURE 

The study data were obtained from docking runs made by four p i lo t s ,  two 
of whom are NASA aetronaute and two of whom are a i r c ra f t  test  p i lo t s .  Each 
p i l o t  received an indoctrination on the operation of the docking simulator. 
In  addition, a ser ies  of pre-training trials w a ~  run by each p i l o t  t o  a 
c r i te r ion  of four euccessful docking trials using combinations of  a propor- 
t iona l  (a t t i tude hold mode) or minimum impulse a t t i tude  control (right-hand) 
with a minimum impulse or d i rec t  tr s la t ion  control (lefi-hand). 

as possible with termination of a t r i a l  indicated by a green light i n  the  
cockpit. 

angular disglacemnts o f  no more than 10 and mxinun angular velocl.tlee o f  
less than J. /sec, 

Each p i l o t  W a s  instructed t o  achieve docking as quickly and accurately 

Cr i te r ia  fo r  a successful t r ia l  consisted of ve r t i ca l  and l a t e r a l  
no greater than 1 ft/sec;  axial velocity ( 6 )  no greater 
ve r t i ca l  and l a t e r a l  di@Lacaments (h , z )  less than 12 inchen; 

(b) Minitnun impulse mode is  en loop type acceleration control 

This mode is used f o r  both 
made providing the  p i l o t  with a pulse 
pulse width of either 6,. 15  or 30 milliseconds. 
rotat ional  and t ranslat ional  precision control, 

n of 2 pulses per second and a 

(c) Direct mods i e  an on-off open loop type acceleration control 
where the je ts  are e i the r  fully on o r  off .  

The type of control cambi ed are as follows: 

e a t t i t ude  control with minimwn impulae 

(2) Minimum control w i t h  d i rec t  t rans-  
la t ion Control (MI-D) e 



(3 )  Proportional (a t t i tude  hold mode) isttitude control 
with minimua impulse t ranslat ion control ( P a 1  ) . 

(4) Propdrtional (a t t i tude  hold mode) a t t i tude  control 
with d i rec t  t ranslat ion control (P-D) . 

2 .  Vehicle Weights. 

( R )  

(b) 

Minimum Impulse Control Pulse Durcetion. 

(a)  15 milliseconds 

(b) 30 milliseconds 

L i g h t  Vehicle - '130,75 Slugs or  4,210 pounds. b 

Heavy Vehicle - 156.85 Slugs or 5.050 pounds. 

3. 

4. Trapeze Docking, 

Following the primary s t u w  run imry evamtion W&LJ wd@ 
of car t s in  degrrbd and f a i lu re  modes ualng 
technique e 

we of only one hi&ly t ra ined experienced arlmlator p i lo t .  'Thus, t h i s  phase 
comle t r  of e ~ ~ ~ n t l ~ l ~ y  8 q U l t  
21nI'ng faaslbla eonditionr for f i t u r s  

Pagradat ion wa$ inCroduc 

t m e  of doeking 

Restrictions i n  the ava i lab i l i ty  of time and subjects allowed the 

cgocking rstudirs 

(a), &a&# i n  the 
direc2; and m i  #m * 

(b) 

( a )  

(a) 

Lnrr of ringla, WS j e t s .  

Omllrrion o f  the All Attitude Indicator (AAI) display, 

I n  the  s t t l t u d e  hold mode by providing an on-off control 
element rather than l inear  con'trol element (6ce Figure 
#no) 9 

Wlruurata a i  LJlM daoking parfozmanus ahoran for amlyrir ware: 



'* 4 (b) 

(c) 

(d) 

Translational velocities at contact with CSM, (A, a, 2 ) .  

Total time for completion of the docking trial. 

Angular deviations from zero at contact with CSM (pitch, roll 
and yaw.) 

(e) Total RCS fuel consumption for the docking trial. 

(f) Pilot ratings of the control system suitability (following 
NASA' s Cooper Rating Scale) I (Reference #1) . 

Mean angvlar rates are reported in the Results Section (Table 11) for 
design information only and were not subjected to statistical analysis. 

The four pilots completed a total of 117 successful docking trials under 
Equal numbers of runs were not obtained under the various study conditions. 

all of the study conditions, which was accounted f o r  in the statistical 
analysis. 

E, DATA ANALYSIS 

Perfomnce data derived from each of the 117 trials were analyzed to 
determine which of the performance measures were significantly influenced 
by the study conditione. 
(Reference #2), which yields an overall comparison of the mean performance 
scores achieved under each of the study conditions. This allows for deter- 
mination of whether the differences between the8e mean mores are "real" 
(i.e., significant) a8 opposed to chance differences based on sampling 
error. 
CUet~mary 5 percent confidence level. ( i e e e ,  the differences found would be 
expected to re-occur i n  repeated samples 95 chances out of 100) correlatlono 
between pilot ratings end the perfo 
the measure of agreement between pilots with respect to their evaluations. 
. 
trials for which there was failure to meet the performance criteria. 

The analysis of variance technique was used 

The probability level chosen fo r  designating significance was the 

ce measures were computed as well as 

In addition, 8 tabulation and analysis was msde of the number of docking 



111. RESUIDS 

The data were analyzed to provide answers to the following questions: 

(1) Which attitude and translation control combinations result in 
significantly superior docking performance? 

(2) Are there any significant differences between minimum pulse 
widths (l5ms; 3Oms) and between vehicle weights (light and heavy vehicle)? 

(3) To what extent can the.pilot remain within the required per- 
formance envelope that defines a successful docking maneuver? 

The mean scores for 11 performance measures obtained under the study 
conditions are given in Table I. 
these mean scores and the standard deviations of values about them. 

The figures in Appendix A are graphs of 

Table I1 shows the mean angular rates at docking for each of the atti- 
tude and translation control combinations, 

Each of the study conditions had a statistically significant effect on 
at least one of the performance measures. 
were as follows: 

(1) Control Combinat ions. 

The results of these effects 

The difference between the mean scores for the four control 
combinations were significant for all 10 performance measures and the pilot 
ratings, 
allows docking performance consistently superior to a minimum impulse 
attitude control system, In conjunction with the attitude hold control 
mode, a minimum impulse system for translation would be the combination of 
choice if only one fixed combination were permissible. 
eelection is possible, it would be logical to consider an attitude hold 
mode in conjunction with a direct,translation mode for covering the longer 
distances to the CSM and then switching to minimum impulse translation for 
finer' control at close range (e.g., o - 15 feet). 

It is apparent from Table 1 that the attitude hold control mode 

However, where mode 

(2) Vehicle Weight. 

Performance under the light and heavy vehicle configurations 
indicated that significantly less RCS fuel was consumed by the light vehicle 
over the 175 feet distance traveled. 
greater terminal precision based on measures of vertical displacement ("E"), 
It would appear from observing pilot response during the trial, that this 
result stemmed from greater difficulty in making rapid correction of devia- 
tions with the heavier vehicle when nearing contact. 

In addition, the light vehicle achieved 

O R U M Y A N  A I R C R A P T  C N O I N I I R I N O  C O R P O R A T I O N  
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TABLE I1 

MEAN ANGULAR W E S  I 3  THREE AXES 
UNDEB THE FOUR CON?IROL COMBINATIONS (DEGISEC) 

P-D P-MI MI -MI MI -D 

Pitch ' .18 * 08 69 .80 

Roll .E! * 22 70 1.03 

Yaw e 07 05 * 38 36 
f 

( 3 )  Pulse Duration. 

Where significant superiority shows up between the two pulse 
durations, it is in favor ofthe shorter, 15 ms pulse, This occurs for RCS 
fuel consumption scores and lateral (z) deviations at contact (deviat:l O M  
in "h" indicate a trend but do not quite reach the requlred confidence 
level for significance). As might be expected there is also a significant 
interaction effect of vehicle weight and pUh3 duration on Contact accur- 
acy, such that the light vehicle in conjunction with the large (30 ms) re- 
sulted in significantly greater lateral deviations at contact. 

Performance Criteria and Docking Success. 

The extent to which the pilot failed to remain within the docking 
performanae criteria are shown for information in Table TIT for each of 11 
measures. 

TABLE TIT 
PPiCENT k'AXUJRE bUrS TO I" DOCKING C R P P P I U  

FOR ELEVEN PERFORMANCE MEAsuRElS (N = 117 TRIAL51 

Terminal Performance . $ .Failure Terminal Perf'ornumce, $ Failure 
Measure Trials Measure Trials 

' Vertical Deviations (h) 15 Vertical Velocity (E) 0 

Lateral Deviations (z ) 10 bteral Velocity ( r Z )  0 
Roll Angle Deviation (U,) 5 Roll Rete (r) 11 
Pitch Angle Deviation (e) 6 Yaw Rate (p)' 5 

Yaw Angle Deviation (9) 
Axial Velocity (e) 

3 Pitch Rate (q) 

0 

1 5  
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Performance Criteria and Docking Success - Cont'd 

These occurrences of failure t o  meet the  c r i t e r i a  were a l so  tabu- 
lated under each of t h e  four control combinations as shown i n  Table IV.  
s t a t i s t i c a l  analysis of these proportions indicates t h a t  these control con- 
di t ions were s ignif icant ly  different ia ted on the  basis of f a i lu re  occurrence (x2 = 20.7; P L .Ol). 

A 

FAILURE TO MEFT DOCKING CRITERIA 

FOR ATsrITUDE AND TRANSLATION CONTROL COMBINATIONS 

M I  -MI M I  -D P -MI P -D 
(N = 35 t r ia ls)  (N = m r i a l s )  (N = 32 tr ials)  (N = l 6 r i a l s )  

- 

4& Failure 
Trials 63k 68qd 3s 25Q. 

The pat tern of f a i lu re s  closely follows the  pat tern of mean per- 
Best performance (lowest f a i lu re  occurrences ) 

The a t t i t ude  hold mode with d i rec t  t rans la t iona l  control is  next 

formance scores of Table I, 
is  shown fo r  the  a t t i tude hold control mode with minimum impulse t rans la t ion  
control. 
and these are  oharply different ia ted from thhe two control combinations u t i -  
l i z ing  the  minimum impulse a t t i t ude  control modem with d i rec t  o r  mlnimwn i m -  
pulse t rans la t ion  control,  

Since the  completion of the present s tudy,  revis.ions were made in 
c r i t e r i a  f o r  docking contact veloci t ies  (is, fi and i;) (Reference # 5 ) .  
of t r ia l s  i n  which there  was failure t o  meet the  revised c r i t e r i a  were tabu- 
la ted  fo r  the  present study data and are as follows: 

Percent ' 

b = 2$; H = 3%; and 5 = O$, compared t o  zero 
values f o r  t he  or ig ina l  c r i t e r i a  

Little penalty is  paid f o r  the t i gh te r  velocity c r i t e r i a ,  the  
differences being insignif icant  when compared t o  the values i n  Table 11. 

P i lo t  Ratings and Vehicle Performance. 

In  previous s tudies  employing p i l o t  ra t ings  of vehicle control 
systems, (references #3 and #4), t h e  r e l i a b i l i t y  of a ten  point adject ival  
scale (Cooper Ratings) has been shown t o  be f a i r l y  moderate (low .5O's). Scale 
attenuation tends t o  reduce the  chances of obtaining better reliabil i ty 



Pi lo t  Rating and Vehicle Performance - Cont'd 

(i.e., the highest end of the scale or "1" category i s  never used , nor are 
the "9" and "10" categories, making this,  i n  effect ,  a seven point scale).  

The question also remains of how w e l l  these ratings correlate  
with p i l o t  performance measures. If the ratings have a consistently high 
relationship t o  docking than there  i s  , justif ication f o r  using the  rat ings 
as primary data rather than examining performance measures. 
the relationships between the p i l o t  ratings and each of 9 performance 
measureasand would cer ta inly negate accepting the ratings as suf f ic ien t ly  
equivalent to .  objective performance ,,to j u s t i fy  t h e i r  use i n  making design 
decisions. . 

Table I V  shows 

TABLE V 

MEASURES OF RELA!TIONSHIP 
PILM! W I N G  AM) DOCWNG PERFOHMANCE MEASURES 

(N = 113) 

Performance Correlation , Performance 
Measure With Ratin4 Measure 

Time 58 

Z 

B *  

h 

.42 

37 

a 38 
R .28 

B 

Correlation 
With Fbting 

: 54 

25 

-26 

.24 

All. of the  correlations are posi t ive and differ s ignif icant ly  from 
zero correlation, However, the levels are uniformly low with only time, 
lateral displacement and yaw angle showing a fair degree of relationship.  
Rbther than' actual ly  ra t ing the vehicle control system per se, the p i l o t s  
probabLy rate their  overal l  docking performance. 
pls;bement arrd yaw.ang2e were .among t h e  easiest values for  the p i l o t  t o  
Judge at  the  termination of a triaL 

T r f a L m T  Lateral die- 

. Trapeze Docking. 

Of.the degradation and failure conditions introduced under the tra- 
peze docking techniqye, there  was a ccqplete inab i l i t y  t o  dock w i t h  rate 
feedback.and a t t i t ude  feedback loops removed f'ramthe a t t i t ude  control 
system and u t i l i z ing  the  d i rec t  mode f o r  the t rans la t ion  control. Under t he  
8- loss of feedback loope, but Mth a minimum impulse t rans la t ion  control, 
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docking could be accompliehed, although e r r a t i ca l ly  and with extreme d i f f i -  
culty. 

With the rate feedback loop inoperable but t he  a t t i t ude  feedback 
present, the  system becomes too unstable t o  accomplish docking successfully. 

f o r  successful docking including on-off th rus t  i n  the proportional mode ) . 
(attifnde hold mode) with feedback (see Figure #NO). 

All other combinations of degradation and f a i lu re  conditions allowed 



@ b  

, 

I*..?$ 

IV. DISCUSSION AND CONCLUSIONS 

On the basis of the simulation utilized for the present study, there 

Even the more stringent re- 
is little question that manual docking can be accomplished by the astronaut 
within the performance criteria established. 
vised NASA criteria appear to present no problem. 

More importank for design purposes, however, is the determination of 
characteristic terminal performance values and the effectiveness of the 
different vehicle conditions studied. 
from the results of this study are:,, 

docking criteria established provided that the direct mode is not used for 
attitude control. 

The conclusions that can be drawn 

(a) Manual docking can be accomplished readily within the 

(b) The attitude hold mode, in conjunction with the minimum im- 

The capability of selecting a direct trans- 
pulse translation control, would be the best combination for the terminal 
portions of the docking maneuver. 
lation mode at greater distances frm the CSM should be considered in any 
fu%uspe sludies, 

(c) For those perfomance measures significantly affected by 
vehicle weight (i,e. , total RGS f'uel ,consumption and vertical displacement) 
the Light vehicle (4,210 pounds) yielded superior performance to that ob- 
tained with the Heavy vehicle (5,050 pounds), 

The 15 me pulse durn'kioxi u8ed In the mininum impiil.se trans- 
lation mode resulted in eignif icantly E ; U ~ T  1 o r  dnr-ktnfi capabil.lty compared. 
t o  the longer 30 ms pulse duration. 

(a) 

(e) k i a l  and lateral vel.ocities at docking were well within the 
required limits. 

n m i l  Y Y A Y A I .r A c ?  C )ilO I N I I I I N O  C 0 I PO I A T  I O N  



V. FUTURE STUDY PLANS 

For the  GAM: Docking Simulation IX.2 program, it is  anticipated t h a t  t he  
following areas of study w i l l  be considered: 

(a) Attitude Control Loop - a pulse r a t i o  modulation control  
scheme, which essent ia l lyconsis ts  of frequency modulation f o r  small inputs 
changing t o  pulse width modulation f o r  larger  inputs. I n  addition, varia- 
tfons i n  the  a t t i t ude  hold dead zone f o r  vehicle l i m i t  cycling w i l l  be 
considered, 

(b) RCS Jet Failure - reaction j e t  fa i lures  ( f a i l i ng  on and o f f )  
for  a single Je t  arid fo r  a quad of jets with proper jet logic switching in-  
cluded. 

docking maneuver with the  LEM overhead docking hatch fo r  various control con- 
dit ions and fo r  various docking procedures. 

(c)  Overhead Docking Procedure - capabi l i ty  of accomplishing the  

(d) Instrument Failure Conditions - a b i l i t y  t o  achieve docking 
with varying combinations of visual  and instrument information includlng 
fa i lure  of par t icular  displays such as the  All Attitude Indicator. 

(e) Visual Aids f o r  Docking - ef fec ts  of visual  aids auch as coded 
l i gh t s  fo r  a t t i t ude  information, sighting re t ic les ,  probes and CSM markings 
for  improving visual judgments and the  accomplishment of the  docking task .  

( f )  Translation Control Techniques - use of d i rec t  and minimum 
impulse t rans la t ion  control i n  conjunction with various at6itude control 
mbde conditions. 

( g )  Extendable Probe Technique - manual docking capabi l i ty  wi th  an 
extendable probe under t h e  vehicle dynamics and r e s t r a in t s  imposed. 
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GIDSSARY OF SYMEOTS 

A ............ l i n e  of sight azimuth angle, deg 
d ............ controller deadband, deg 

E ............ l i n e  of  sight elevation angle, deg 
h ............ re la t ive  ve r t i ca l  displacement, f t  

B . . , ., . , . . , re la t ive  ve r t i ca l  velocity; f t /sec 
2 PI', ........... re la t ive  ve r t i ca l  acceleration, f t / sec  

.......... sgecific impulse, l /sec ISP 2 
I X X  2 .......... i ne r t i a  cross-product, slug f t  
IW 
I X Z  2 

IYY 
=Y, 2 

5 ........... forward loop gain, deg/in 

~ . . , r . r , , ,  inerti.a about x-axis, slug f t  

I ,  ,,,,,,., i ne r t i a  cross-product, slug f t  

..,,.,..,. i ne r t i a  about y-axis, slug f t  

i ne r t i a  cross product, slug f t  

2 

2 .......... 
Izz .......... i ne r t i a  about z-axis, slug f t  

KA ........... constant, l / f t  

5 . . , . , . , . . . rate feedback gain, sec 

. 2  

....... direction cosines 'L2,3 ' 2  
M . . , . e , ,  . , . , . moment of iner t ia ,  slug f t  

. . . . . . . .  direction cosines 
L2, 3 m 

mt .-, , , , , , e , ,  , thrust  saturation point, deg 
m ............ LED! mass, slugs 
n 
n ............ control system deadband, deg 
p , , . , , . . , , , , angular r a t e  about %-axis, deg/sec 

9 . , . , e e ,  ,, . , . angular acceleration about %-axis, deg/sec 

4 , . , , , , , , . , , angular acceleration about YB-ax i s ,  deg/sec 
r . , ,, , ,, , , , . angular rate about %-axis, deg/sec 
f. . . ,, . , .'. . , angular acceleration about ZB-&xis, deg/sec 

....... direction cosines 1,213 

2 

q ............ angular rate about YB-axis ,  deg/sec 
2 

2 

s ............ u p l a c e  operator ( l /sec)  

s ............ re la t ive  displacement in APOLLX) o r b i t a l  direction, f t  

' 8  ............ 'relatise acceleration i n  APOLLX) o rb i ta l ,d i rec t ion ,  
8 . , . , , . . , . , . re la t ive  velocity i n  APOLW o r b i t a l  direction, ft/sec 

f t / sec  



GWSSARY OF SYMBOLS - Cont'd 

t ............ time, sec 
T ............ thrust ,  1bS 

w ............ minimum thrust  leve l  at  instant of breakout from. 
the  system deadband, lbs 

Wr ............ fue l  consumption, lbs 

z ............ re la t ive  l a t e r a l  displacement, f t  

t ............ re la t ive  ' i a t e ra l  velocity, ft/sec 
S ' ,  ........... rela,tive l a t e r a l  acceleration, f t / sec  
6 ............ s t i ck  displacement, inches 
6 ............ error  signal for  a t t i tude  control system, deg 

6 ............ 

2 

. 

............ damping r a t i o  

61 I 8  I 8  8 I # 8 0 I vehtel 
p ............ range) ft. 
p d .  . a . . 0 . 6 . 6 . ; *. I B I O  I 8  0 V 1 6  # velocity, rad/ 

h c p . ~ o . e @ e . 8 * . 8  

4 . 1 * a a * . e 1 1 a  

1 * e # # # a ) # I # 8  

p ,  . . I  . I 6  0 e 8 a m 

i' 
) C F a a . o . e a  e 8 e a e 

4 . . . e . e . . a . na,tural frequency, rad/sec 
6.. a ;  . a . a , .  0 .  standard deviation 

mean - ............ 
X 

SUBEjCRIPPS 
o ............ i n i t i a l  condition 

. a ............ actual  
v ............ vehicle 

IED-570-5 
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GIDSSARY OF SYMBOLS - Cont'd 
-IONS 

AAI .......... all-attitude-indicator 
CSM .......... command-service-module 
LEM .......... lunar-excursion-module 

,, 

MI ........... minimum impulse 
Prop ......... proportional 1 

- 
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APPENDIX B 

I. LEN BODY AXES ORIENTA!I?ION 

I n i t i a l l y  the T;EM body axes were oriented as shown i n  Figure #=-a. 
The vehicle was then rotated through the i n i t i a l  Euler angles t o  a posit ion 
where the phlot faced th8 command module. 
a )  8 = + 90 , b) $ = 180 , 
shown i n  Figure #B2-c. 
s ta r t ing  a t  zero ( 0 )  degrees. 

The order of rotat ion was: 
This positions the LEM body &xes t o  the  location 

From t h i s  point on, the computer reads the angles as 

11. EUL;ER ANGLE ORDER OF ROTATION 

The Euler angle order of rotat ion was changed from the equations s e t  
up by GAEC i n  the  Docking Presimulation report. dc t o  yc, e,) dC i n  vehicle frame or 6 P , QP, J/, i n  p i l o t  frame ( ro l l ,  

pitch, yaw) because of the NAA r i g  setup. 

The changes were from eC, pc, 

111. ERRORS FOUND I N  COMPUTER PROGW 

Certain errors i n  the computer programming were found during and a f t e r  
the simulation study runs, 
docking, but were consistently present throughout a l l  other data collection 
runs. 

The errors  were corrected for  the  trapeze type 

(a) &n, the  equation (see Reference #6), there w a s  a 2 term 
The er ror  only e f f ec t ed the  heavy ine r t i a  s e t  t ha t  i n  place of an r 

had cross-coupling incorporated, and the  magnitude of the e r ror  w a s  small 
enough t o  be considerea as negligible. 

(b) 
The value that should have been’used f o r  pulsing w a s  200 sec. 

(c) There was 0 an e r ror  0 i n  sign i n  the c term (Pi lot  roll). 
wrong equstion used was yc = (r - 6 h ) + ec (p -!A 12). The correct 
equation was @c = (r -6; h2) - 
the  resu l t s  of the simulation w a s  insignificant because the value of r and p 
was continuously changing from plus t o  minus and the actual  value of the roll 
angle w a s  very small throughout the  runs. 

term. 

The specific impulse used for  a l l  the runs made w a s  300 sec. 

The 

(t -28 1 ). The ef fec t  of the e r ror  on A 2  

(a) An er ror  was uncovered i n  the sign of the IX)S Azimuth and 
Elevation eqyations. The incorrect equations were: 

-1 h m l + ~ + s m  
A = s i n  e Cos E 

and -1 hll  + Z12 + S1 

e E = s i n  



111. (a) cont'd. 
The correct equations are : 

-1 A = sin 
and 

-1. E = sin 

1 

The effect of the above errors were considered to have had no significant 
bearing on the results of the present simulation study since they did not 
feed information into the equations of motion, 

VI, SIMULATION DEZ'AIL INFORMATION 

The remainder of Appendix B provides detail$ of the eimulation para- 
meters and equipment , 
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LOCATION OF LEM 
WITH RESPECT..TO CSM 

I 

FIGURE B-1 

A m a l  Y n A Y A I B e  B A B T  B Y a I  Y SI I I M I  Cch I D c h  R A T IO N 
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XB 

"B 

a) Initial body axis location of LEM with respec t  to  CSM. 
8 

b) Rotate LEM about i t s  yB body ai's  1.90' ( i e8  = 90') 

I h 

c)  Rotate LEM about i t s  
XB body axis + 180" 
( i e #  = 1 8 0 O )  

Docking problem begins 
at this  point. 

XBf 

FIGURE B-2 I 
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